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Introduction
Honey-bee health is of major importance as it is linked to economic, The qPCR methods can detect a change as small as two-fold, compared to agarose gel, which is able to detect about a ten-fold change. Another limit is that conventional PCR methods require a time-consuming, post-processing step, which entails the manipulation of intercalating agents for DNA staining. The most commonly used dye is ethidium bromide, which is highly hazardous for both human and environmental health. However, several developments have contributed to improvements in the methodology. In particular, new protocols have been designed, using either nested PCRs to increase the sensitivity and specificity of detection or multiplex PCRs to increase the number of target pathogens detected in the same reaction.
The method recommended by the OIE Terrestrial Manual for discriminating between N. apis and N. ceranae is a multiplex PCR allowing the specific amplification of each microsporidian without any cross-reaction between primer pairs (4). Multiplex PCR has the further advantage of being able to simultaneously detect a wide variety of pathogens, such as viruses, bacteria and fungi (5). However, the limit of detection (LOD) is usually higher than the LOD of uniplex PCRs (6). This implies that multiplex PCR analysis may fail to detect all of the pathogens present in a given sample. A good illustration of the need to estimate the performance of PCR techniques is given by the comparative evaluation of nine published primer pairs, designed to detect and identify three Nosema species by conventional PCR (7).
The specificity and sensitivity of the primer pairs were assessed by qPCR experiments. Results showed that all primer pairs could detect between the equivalent of 10 4 spores down to the equivalent of ten 
Quantitative real-time polymerase chain reaction in honey-bee pathogen detection
Thus, qPCR is increasingly being used in laboratories conducting molecular biology analyses, since it may resolve issues raised by conventional PCR and could offer better performance in terms of sensitivity, specificity and reliability. This method may also be simpler and safer, since the post-PCR processing step with ethidium bromide is no longer required. It may also be faster, thanks to the development of Taq polymerases that better anchor themselves to the target DNA. New PCR machines with improved performances allowing fast temperature changes can also be used. Thus, a tenminute qPCR was described for P. larvae detection (9) . Moreover, it was calculated that the qPCR LOD for P. larvae in honey is 100 times lower than that of a culture method (10) . Several studies reported detection with fewer than ten copies of the target gene. This level of sensitivity is difficult to attain with conventional PCR. Specificity is also much higher with the use of specific probes besides primers. Accurate pathogen quantification largely depends on qPCR sensitivity. Numerous studies underline the high sensitivity of the method (9, 10, 13, 14) . In spite of small discrepancies, reported LODs are always very low, ranging from fewer than ten copies of the target gene (10, 14) to 37.5 vegetative bacterial cells per millilitre (10) .
Since the application of qPCR to the detection of P. larvae and and untreated colonies showed that, although no treatment completely eradicated the bacteria in the apiary, the shook swarm method was more efficient than using antibiotics (15) . Moreover, by comparing the bacterial loads of workers from brood nests with those of workers collected at the hive entrance, it was determined that the former were better indicators for disease surveillance (13) . An interesting point in this work was the suggestion of setting a threshold for the emergence of clinical signs at 50,000 CFU/bee.
The issue of the best matrix for studying disease prevalence was also addressed for AFB (14) . In this case, P. larvae DNA was quantified in experimentally infected drone and worker larvae. The authors concluded that the size of the larva is an essential parameter for a lethal threshold in AFB tolerance. The qPCR method was also used to quantify P. larvae spores and vegetative cells in honey (10).
Quantitative real-time polymerase chain reaction and nosemosis
Since 2009, about a dozen studies have described qPCR for detecting Nosema species. An accurate and fast method is needed to discriminate between N. apis and N. ceranae since their spores are too similar to be differentiated by optical microscopic analysis.
Discrimination between spores of these two species can be performed by electron microscopy but this technique is not routinely used in honey-bee diagnosis. Moreover, colonies can be co-infected with both species (4, 17, 18, 19, 20, 21, 22) , and some studies have suggested that the two species probably do not have the same virulence.
Contradictory results have been published about virulence (see 8). To clarify this point, studies were focused on determining the in-host competition of both species. One was performed using qPCR (22) .
Experimental co-infections followed by qPCR DNA quantification after 14 days showed no significant competitive advantage for either microsporidian.
It is essential to design primers specific to both species and judicious to develop methods to identify and quantify both microsporidia in a single reaction. In such cases, care must be taken to ensure a low LOD for the two species (6) . Along these lines, several studies have described duplex qPCR reactions for the simultaneous detection and quantification of N. apis and N. ceranae (18, 19, 20, 21, 24, 25, 26) .
Only three studies used SYBR green (7, 18, 23) ; all the others used TaqMan® probes. The 16S rRNA region was used in all of these studies. Numerous studies also specified sensitivity. In two cases, the LOD reached ten copies of the target gene (19, 24) . In all cases, standard curves were constructed to correlate a Cq value with a number of DNA plasmid copies (19, 20, 21, 22, 25, 26, 27) or with a DNA weight (18, 23). To underline the biological significance of the results, an effort was made to express them in spore equivalents per bee, calibrating the qPCR values to spore counts achieved by microscopy (24, 27). However, this estimation was biased as the authors evaluated the spore equivalents per bee on the hypothesis that the N. ceranae genome contains ten copies of the 16S rRNA gene.
Even if qPCR performance has been correctly developed for specificity, sensitivity and reliability, the technique relies on an assumption (the number of gene copies), which undermines the results. No genomic analysis to date has confirmed this estimation. To overcome the difficulty of giving a spore equivalent per bee and of correlating spore counts with qPCR values (21, 25, 26) , some studies gave their results in numbers of copies (20, 23, 25, 26) or simply in Cq (20) . (21), where the number of colonies infected with N. ceranae was found to be much higher than the number of colonies infected with N. apis. A higher load of N. ceranae than N. apis was found when the prevalence of Nosema species was compared in China, Japan, Chinese Taipei and the USA (19) . It should be noted that Traver and Fell (21) emphasised the improved accuracy of qPCR methods at low infection levels compared to traditional spore counting, as they observed that, in half the colonies where no spores were found by microscopic analysis, 
Discussion
The development of new molecular techniques has become essential for honey-bee pathogen analysis. Numerous conventional PCR-based methods are used to detect bacterial and fungal honey-bee pathogens.
However, the development of qPCR methods opens up new prospects. Genomic tools are currently being developed for N. ceranae (29) and P. larvae (30, 31) . Transcriptomic data would be useful for identifying genes that are specifically expressed at various stages of pathogen development, in mature or immature spores or in vegetative cells. Once these genes are identified, their relative expression in a sample could allow quantitative estimates of each developmental stage of the pathogen, and qPCR could then be used to determine the number of infectious forms of a pathogen in a sample.
In short, qPCR is a crucial tool that will inevitably be increasingly used in the future because of its unmatched performance. The development and more widespread use of qPCR methodology will lead to more reliable diagnoses and a better understanding of the pathogenic infection process. Disease control will be considerably facilitated. Like the conventional PCR-based methods that have become standard for identifying P. larvae, M. plutonius, N. apis and N. ceranae, qPCR methods must be validated, according to international standards. This is one of the objectives of the European Union Reference Laboratory for Honey Bee Health, which has already validated a qPCR method for the detection and absolute quantification of chronic bee paralysis virus (32) . The ability to accurately quantify pathogen load in a colony is of major importance for determining a critical threshold in regard to clinical signs, especially for regulated diseases. Until now, detecting a pathogen but not being able to quantify it has necessarily entailed treating the disease. In the future, the measures to be taken will be targeted according to the pathogen level in a colony, i.e. whether this level can cause clinical signs and spread the disease to other colonies.
